spinal column deformities such as kyphosis or scoliosis, and urological findings include enuresis, and urinary or bowel incontinence. 1, 7, 14, 26, 30, [35] [36] [37] In asymptomatic cases, TC may be discovered radiographically because of an associated dermatological abnormality, such as a congenital nevus, sacral dimple, hypertrichosis, dermal sinus tract, subcutaneous lipoma, capillary hemangioma or vascular birthmark, skin appendage, or asymmetrical gluteal cleft. 13, 36 Tethered cord release has been shown to improve the neurological, orthopedic, and urological symptoms associated with TC. 5, 9, 13, 20, 34 Growth in children is a complex process involving neuronal, hormonal, and metabolic input to muscle and bone, influenced by genetic and environmental factors. To date, there are few published data on the relationship between growth in childhood and TC. At neurosurgical follow-up after TC release, several parents anecdotally reported that they believed their child had gone through a "growth spurt" in the first few months following surgery. To our knowledge, there is no prior literature to support this observation, and these anecdotal reports prompted the current study. The authors hypothesized that surgical release of tension on a tethered spinal cord could be associated with growth acceleration in children.
Methods
This is a single-institution, retrospective review of children who underwent primary TC release at the Children's Hospital of Pittsburgh from January 1997 to November 2009. Pediatric patients 0-18 years undergoing an initial TC release were included and analyzed. This study included children with the diagnosis of filum terminale lipoma, low-lying conus medullaris, and dermal sinus tract. Patients with more complex diagnoses, such as MMC, lipomyelomeningocele, split cord malformation, and neurenteric cyst, were excluded. Children who had undergone prior spinal cord detethering surgery and/ or those who had pre-or postoperative height percentiles below the 3rd or above the 97th percentile were also excluded. The study was conducted under approval of the institutional review board at the University of Pittsburgh.
It is the practice of the neurosurgeons at our institution to perform TC release in all children with symptoms, and to offer TC release for radiographic findings of tethering prior to the development of symptoms. In all patients, a similar operative technique was performed. A partial laminectomy was performed at the inferior and superior aspects of the L-4 and L-5 laminae, respectively, to create a window onto the dura measuring 1.5 cm in length. A midline durotomy was created to expose the cauda equina. With use of the operative microscope and anal sphincter electromyography stimulation, the filum terminale was identified, isolated, coagulated, and divided. The dura was closed primarily using a running suture. The greatest practice variability among surgeons at this institution was the use of postoperative flat bed rest, which varied from 24 hours to 48 hours.
For all children in the study, data collection included sex of the child, age at primary surgery, radiographic level of the conus medullaris on MRI, presence or absence of syrinx or lipoma, clinical symptomatology at presentation, cutaneous stigmata, duration of symptoms before surgical intervention, preoperative and postoperative height in centimeters, preoperative and postoperative height percentile for age, and duration of follow-up. Data on the postoperative clinical status of each child were obtained in the neurosurgery clinic at an average of 4.6 ± 1.3 months following surgery (mean of 4.5 and 4.8 months for children < 5 and ≥ 5 years, respectively). All preoperative height measurements were obtained within 3 weeks prior to surgery and were plotted on a standard growth curve; postoperative measurements were taken a mean of 6.6 ± 3.2 months (range 6 weeks to 13 months; mean of 6.1 and 7.4 months for children < 5 and ≥ 5 years, respectively) after surgery. All height measurements were obtained by a medical assistant at a clinic appointment within the institution; heights obtained at the child's pediatrician's office or other specialty physician office and recorded in the electronic chart were included in the analysis to allow for measurements over a longer time period.
To ensure height measurement accuracy and to evaluate whether this change in height-for-age percentile was occurring in children who did not undergo detethering, a height evaluation was performed in a control cohort. Children seen in the neurosurgical clinic with the diagnosis of mild traumatic brain injury (these children did not undergo surgical intervention or receive general anesthesia) served as age-matched controls. The height-for-age percentiles documented at the time of initial visit and at a mean of 6.1 months (range 4.8-8.7 months) after this initial presentation were recorded and analyzed.
In post hoc analysis, patients were divided into 2 cohorts based on age at primary surgery. Using the mean age at surgery (5.3 years), the total population was grouped into those younger than 5 years and those 5-18 years of age and the groups were analyzed. It was hypothesized that height measurements could be more accurately obtained in the older children (≥ 5 years).
The significance of the change in preoperative and postoperative height-for-age percentiles was determined using a paired Student t-test. Using a linear regression model, the impact of various clinical, radiological, and demographic variables on the change in height-for-age percentile following surgery was examined. Statistical analyses were performed using Stata software (version 12, Stata Corp.). Differences were considered significant at p values ≤ 0.05.
Results
Between January 1997 and November 2009, 89 children underwent primary surgical release of TC. Of these, 52 children met inclusion criteria for this study; 37 were excluded because of pre-or postoperative height percentiles below the 3rd or above the 97th percentile. Patient characteristics are presented in Table 1 . The children in this study had a mean age of 5.3 years (range 3 months-18 years) at time of surgery. There were 32 patients younger than 5 years (mean age 1.7 ± 1.1 years [± SD]) and 20 patients 5 years or older (mean 11 ± 3.5 years). Of the complete study group, 19 children (37%) were male; in the younger group (< 5 years), a majority of patients were female (72%). There were equal numbers of males and females in the older group (≥ 5 years).
Every child (100%) in the study underwent MRI of the spine. The level of termination of the conus medullaris ranged from L-1 to L-5. A syrinx was present in 25% of patients, all of which involved both the conus medullaris and thoracic spinal cord. Twenty-four patients (46%) had a conus medullaris situated below the level of L-2, considered a low-lying conus.
14 Of the 28 children (54%) with a normally positioned conus medullaris, all had either a syrinx or lipomatous infiltration of the filum terminale, or both.
Nearly all of the patients in the older age group presented with at least 1 clinical symptom (95%). The most common symptoms were pain and urological dysfunction (such as urinary incontinence and dysuria). Of the younger patients, 33% were affected by 1 or more clinical symptom; pain and gait problems were the most common symptoms. Children in the younger group were more likely to present with an external or cutaneous sign than a clinical symptom, most commonly a sacral dimple (38%).
Among the older children, the finding of a cutaneous or external abnormality was lower when compared with the younger cohort. Of note, scoliosis was seen in the older group (25%), but was not observed in any child younger than 5 years.
There was a statistically significant difference in height-for-age percentiles before and after surgery in the overall study population (p = 0.0028) ( Table 2) , with a mean percentile increase of 7 percentile points (from the 48.1st to the 54.9th percentile). Preoperative and postoperative height-for-age percentiles ranged from the 4th to 94th percentile and the 8th to 97th percentile, respectively. When stratified by age, there was a statistically significant difference in height-for-age percentiles in the older age group (p = 0.0001) ( Table 2 ). This cohort saw an increase in postoperative height in comparison with preoperative height of nearly 10 percentile points. The height difference was not statistically significant in the younger group, although there was a trend toward increasing percentile postoperatively. Figure 1 serves as a pictorial description of the difference in the change in height profile between the 2 cohorts and demonstrates that some children in the younger cohort did not gain in height percentiles postoperatively and, in fact, measured at a lower percentile-for-age at their follow-up. Figure 2 represents a scatter plot of the older cohort and displays the age and the change in height percentile of each patient after TC release. Associations between demographic, radiological, and clinical findings and the change in height percentile after detethering are shown in Table 3 . Age was the only significant predictor of change in height percentile after surgery in the 5-to 18-year age group. Younger age within this group correlated to a greater gain in height percentile (p = 0.02, beta coefficient -1.3). Of note, two 18-year-old children were included in this study, with the next oldest child being 15 years. Given that 18-year-old young adults have likely attained full spine growth, we repeated the regression analysis with these 2 oldest children excluded and the results remained statistically significant.
Clinical symptomatology at presentation and rate of symptom improvement or resolution are depicted in Table  4 . Among the younger group of children undergoing TC release, only 11 instances of clinical symptoms were noted; a majority of these symptoms (82%) were improving or resolved an average of 4.5 months following surgery. In the older cohort, 19 children presented with a total of 34 tabu- lated symptoms. Less than half (47%) of these symptoms were improving or resolved at 4.8 months after surgery.
We performed an analysis of changes in height-for-age percentiles in an age-matched cohort to serve as a control group for the overall population in this study. There was no statistically significant difference in height-for-age percentiles measured at a 6-month interval, with a mean height of 51.6th ± 28.0 and 52.2th ± 28.7 percentiles measured initially and again 6 months later, respectively (p = 0.9).
Discussion
This study examined the effect of spinal cord detethering on the height profiles of children with tethered spinal cord. In the study group, children showed a significant positive gain in height percentiles following surgery, averaging 7 percentile points. Children 5-18 years old with TCs experienced a statistically significant increase in height percentiles after surgery with a change, on average, from the 46.7th to the 56.4th age-adjusted height percentile. This effect appeared to diminish with increasing age; among children 5-18 years old, each additional year of age at the time of surgery was associated with a reduction in the expected gain of 1.3 fewer height-for-age percentiles. For children younger than 5 years, there was a trend, but not a statistically significant change, in height percentiles after TC release. This study did not identify an association between radiological findings or clinical symptoms and change in height percentile after detethering surgery for either age group. There were more clinical symptoms among the older patients (5-18 years) relative to younger patients (<5 years). Surgery improved or resolved the symptoms for a majority of the children in the younger cohort. Preoperative pain symptoms largely improved or resolved after TC release, but surgery was not as successful in improving or resolving other presenting symptoms in children 5 years or older.
There are multiple theoretic explanations for the observed height percentile gains in the children following TC release. Tethering is proposed to damage the spinal cord via vascular compromise, causing ischemia and oxidative damage, 17, 37, 38 particularly during times of growth. 14, 17, 24, 31 Detethering removes this mechanical impediment, allowing restoration of the necessary neural input for muscle and bone growth. Disorders that damage the spinal cord have been associated with reduced height attainment in children, and a common clinical observation among children with myelomeningocele is disproportionately shorter lower extremities. 19, 29, 33 Two other important findings in this study are consistent with the hypothesis that spinal cord tethering may correlate with growth restriction. Consider the group of children who experienced positive changes in height percentiles after surgery. This cohort was 5-18 years old, with a mean age of 11 years, correlating with existing evidence that TC symptomatology increases during growth spurts, which usually occur between 6 and 15 years of age (mean of 8-11 years). 11, 15, 24, 31 Perhaps one or more of the multiple growth spurts leading up to the pubertal growth spurt increased tension on the tethered spinal cord, causing symptoms to manifest, in concordance with a relative growth retardation. In these instances, TC release al- lowed the children to resume their intended growth and attain a postoperative height nearly 10 percentile points higher than their preoperative profile. Second, this study suggests that growth benefits might scale with youth.
If the presence of a TC restricts growth during growth spurts, one might expect that, as children get older, primary surgical intervention offers less of an opportunity to fully realize maximal height potential, as growth in older children has been restricted during multiple growth spurts and eventual epiphyseal fusion during puberty. 32 An alternate explanation for this observed gain in height percentile is that the children were independently experiencing a growth spurt, which led to manifestation of TC symptoms and prompted surgical intervention. In fact, a number of studies have found TC presentation and the associated symptoms to be more common during the adolescent growth spurt. 11, 14, 15, 24, 28, 31 In this series, TC release could possibly coincide with an increase in height already underway, but would not necessarily explain why the children crossed percentiles; importantly, we used the standardized height-for-age percentiles, as opposed to absolute change for each child, which allows for a measurement compared with age-matched peers. In our sample, the duration of the symptoms preceding surgery ranged from 3 months to 4 years, and, therefore, the coincidence of a growth spurt at the time of surgery in such different patients is unlikely. Another explanation is that differential posture could lead to measurement error, but this would produce both under-and overestimation events, both preoperatively and postoperatively, and would be unlikely to bias the results toward a statistically significant height gain. Preoperative back pain could lead to poorer posture, with an improvement in postoperative posture and the artificial suggestion of an increase in height, but this symptom was reported in only half of the older patients, and would not bias the result in the remaining patients older than 5 years who experienced growth acceleration following TC release.
Among children younger than 5 years, this study did not find a statistically significant difference in mean height percentiles before and after surgery. Perhaps the increased height variance in this group is masking a true pre-and postoperative relationship. Height-for-age percentile calculations are highly sensitive to small changes in height at low ages, further amplifying error and variance. This variance is evidenced by the fact that height percentile-crossing is commonly recorded in infancy and early childhood. 21 One study found that 32% of children 0-6 months old, up to 15% of children 6-24 months old, and nearly 10% of children 24-60 months old will cross 2 major height-for-age percentiles (defined as the 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles) during the course of normal growth. 23 Alternatively, it is possible that younger patients do not demonstrate height percentile gains after detethering surgery because a tethered spinal cord may not lead to as much growth restriction in children younger than 5 years. It is also possible that their measurements are inherently imprecise because of the inability of infants to stand, and the inability of toddlers to stand still with good posture to allow accurate measurement.
Radiographic findings, including the presence of syrinx, fatty infiltration of the filum terminale, or low level of termination of the conus medullaris, were not associated with height percentile change after surgery. It should be noted that this study may be underpowered to detect a correlation. Perhaps there is no association between structural abnormalities noted on imaging and growth after detethering. This would be concordant with previous pediatric TC studies suggesting the absence of correlation between level of termination of the conus medullaris and clinical symptoms, 6, 31 or between a postoperative decrease in the size of a syrinx and clinical symptom resolution. 3, 18 This study demonstrated that half of the surgically treated children had a conus medullaris below the level of L-2 and this finding had no significant association with height outcome. While TC is classically associated with a low-lying conus medullaris, other studies have noted that TC can occur in the absence of a low-positioned conus medullaris. 11, 13, 14, 27 We believe that both a high frequency of screening children with MRI and the presence of other radiographic abnormalities (such as syrinx and filum terminale lipoma) in these patients explains this rate.
As might be expected, clinical symptoms were more prevalent in the older cohort when compared with the younger children. Accordingly, younger children were more likely to present with cutaneous stigmata. There likely exists a selection bias in regard to the timing of clinical presentation. Children with cutaneous stigmata are identified and treated prophylactically at a young age, leaving those without external abnormality to present at an older age when clinical symptoms manifest. Similarly, the younger members of the younger cohort (< 5 years)
are not yet able to walk, express symptoms verbally, and have not yet achieved urinary continence, making the diagnosis of symptoms associated with TC difficult or impossible. For these reasons, it is not surprising that TCs are most commonly diagnosed in young children because of cutaneous stigmata. Yet another compelling explanation for why clinical symptoms are more prevalent in older children is the theory that a rapid growth change produces clinical manifestations; this is supported by studies that have found TC syndrome and its associated symptoms to be more common during the adolescent growth spurt. 11, 14, 15, 24, 28, 31 While older children were more likely to present with symptoms than those younger than 5 years, younger children were more likely to experience an improvement in symptoms postoperatively. Among the younger children, around 80% of clinical symptoms improved or resolved after detethering. Among the older children, about 50% of clinical symptoms improved or resolved; approximately 75% of pain resolved and about one-third of urinary symptoms improved. In the current literature, reported values of symptom resolution after detethering are highly variable, with rates of long-term, overall symptom improvement ranging from 26% to 71%. 4, 11 One study of repeat TC release using objective scales to measure symptom resolution 6 months after detethering reported 16% improvement in motor function, 13% improvement in urological dysfunction, and 75% pain relief, with similar results 6 years after surgery as well. 2 The findings in our study for the older cohort are on par with published reports. There exist multiple plausible explanations for the higher rate of symptomatic improvement in the younger children when compared with the older cohort. As mentioned above, there may be a systematic underestimation of the incidence of tethering-associated symptoms in younger children and, therefore, an incorrect estimation of the symptom improvement rate. The average postoperative assessment of clinical outcomes in this study was performed less than 5 months postsurgery; perhaps longer follow-up would yield greater improvement rates. This seems unlikely, as children were found to have similar symptom improvement rates 6 months and 6 years after secondary detethering procedures. 2 Moreover, a study of adult patients found that 96% of those individuals undergoing TC release experienced symptomatic improvement within the first 6 months after surgery. 8 It is possible that symptoms are more long standing, and perhaps more severe or permanent, among the older children and, thus, less likely to improve after surgery. In our data, there were more cases of urological dysfunction and spinal column deformity among the older children. Other studies have demonstrated these symptoms to be more resistant to treatment. 2, 12, 22, 25 Of note, this study does not include data on the severity of the symptoms or the general health of the subjects.
While we found an average of 7 percentile points increase on the growth chart, there were children who experienced more or less growth than this, and even some children who were at a slightly lower growth percentile at postoperative measurement. Importantly, 10 percentile points, the average increase in the older children, is only equivalent to about 2 cm. While 2 cm over a 6-month period of time is a large increase, it is not known whether this height increase persists, continues to accelerate over the longer term, or regresses. Moreover, our data suggest that, among older children, most non-pain symptoms do not tend to improve after surgery; this finding may help to shape the postsurgical expectations of patients, families, and providers. Taken together, these data may provide further support for prophylactic detethering in younger children, before symptoms and growth restriction develop, as this may allow maximal neurological potential to be reached.
Following our initial analysis of the entire group, we made a post hoc decision to divide the overall study population into 2 cohorts based on age. Our goal was to examine whether age itself could predict a growth spurt following surgical release of TC. The mean age in our study was approximately 5 years. In our younger age group (< 5 years), the mean age was 1.7 ± 1.1 years, making this cohort quite young. We acknowledge that measurements of length and height are inherently more difficult to perform in young children who cannot fully cooperate during their physical examination. Moreover, while the literature certainly distinguishes children who present with cutaneous stigmata (who tend to be younger) from those older children with symptoms, there is no absolute age at which the manner of presentation can be restricted; we observed that children younger than 5 years present with clinical symptoms and children 5 years and older present with external findings, although these numbers were quite low. Taken together, we elected to use 5 years as our distinguishing age, but certainly age groupings based on other rationales, such as puberty and average time of pediatric growth spurt in the general pediatric population, could have been used. Importantly, while the older cohort showed a statistically significant result, the younger children as a group still trended toward an increase in height increase (4.8 percentile points, p = 0.14). Overall, the type of spinal dysraphism in all children in this study is quite similar, and the population taken as a whole showed a statistically significant gain in height percentiles following surgery, in contrast to the control group.
There are many limitations to this study. It is a retrospective review and problems intrinsic to this manner of data collection are present. For example, data collected regarding the duration of symptoms rely on parental and/ or patient recollection of symptomatology, an obvious source of recall bias. This review does not include longterm follow-up data and, thus, cannot show sustained height gain over the long term. The study did not address bone age or Tanner stage of the patients, which would yield more accurate data about the growth potential and developmental stage of the subjects. Regarding children at the extremes of height (either < 3rd or > 97th percentile), the manner in which heights are recorded on the growth chart does not permit an absolute change to be evaluated, and therefore a large number of children had to be excluded from this study. While heights were retrospectively reviewed and therefore were unlikely biased at the time of collection, it should be noted that differences in height-for-age percentile represent a very small absolute measurement and errors in measurement could have occurred, as measurements were not repeated to ensure reliability. Height/length can be difficult to measure in children, particularly younger children, given their lack of participation, but potential errors would be expected to occur in both pre-and postoperative measurements and unlikely to skew the overall changes that have been observed. Of note, we did not see a statistical difference in an age-matched cohort who had 2 height measurements recorded at an average of 6 months apart, as this analysis was performed to control for reliability and bias in our study cohort. The height gains did occur over a relatively brief amount of time, and this may be due to the reversal of chronic ischemic changes affecting the spinal cord which, when detethered, can exhibit a return to normal physiological neural input to bone and muscle, prompting growth. This hypothesis is speculative, and the manner by which growth can occur over a short amount of time requires further study. Moreover, this study includes only standing height, and not arm length, subischial height, sitting height, or any other measurements of height; each of these heights changes at different rates and at different times, and may yield a more detailed picture of the growth seen in this review. This study does not prove a causal relationship between detethering and a positive change in height-for-age percentile and only demonstrates an association.
